The vascular pressure-flow (P-Q) relationships in zone II (West et al.) were studied in isolated canine left lower lobes, in order to characterize the total resistance in the pulmonary vascular bed with respect to incremental or flow resistance and critical closure. At each of five levels of static lung inflation, the P-Q relationship was curvilinear at low flow and rectilinear at higher flows. The slope of the linear portion was not significantly different at alveolar pressures (PA) = 5, 7, or 9 cm H2O, but decreased significantly at PA = 11 and 15 cm H2O (P < 0.05), indicating an increase in flow resistance. The pulmonary artery pressure (P pa ) fell to the same value at zero flow regardless of inflation level [10.1 ± 1.0 (SD) cm H 2 O at P A = 5 cm H 2 O to 10.9 ± 2.7 (SD) at P A = 15 cm H 2 O]. The Ppa intercept (P pai ), extrapolated from the linear portion of the P-Q curve and representing the average closing pressure for the vascular bed, increased from 16.0 ± 1.8 (SD) cm H2O at PA = 5.0 to 26.5 ± 4.4 (SD) cm H 2 O at PA = 15 (P < 0.05) in a direct one-to-one relationship with the increase in PA. Since this results in a constant transmural gradient at the alveolar vessel level, these vessels must be the major fraction which undergo critical closure. Operationally defined vascular compliance, determined from the slope of a simultaneously obtained pressure-volume (P-V) curve, decreased significantly from 1.51 ± 0.62 (SD) ml/cm H 2 O at P A = 5.0 cm H 2 O to 0.87 ± 0.27 ml/cm H 2 O at P A = 15 cm H 2 O (F < 0.05).
THE pressure-flow relationship (P-Q) of the pulmonary vasculature, perfused in zone II conditions, is characterized by a positive driving pressure for flow when flow is, in fact, nil. As the driving pressure is increased by raising pulmonary artery pressure at constant alveolar pressure, flow changes in a curvilinear manner with respect to pressure until some point when further increases in driving pressure cause equal increments in flow (Goldberg et al., 1979) . These findings can be explained by the presence of a critical closing pressure in the pulmonary circulation. In the systemic circulation, it has been suggested that the critical closing pressure, defined as a positive value of vascular transmural pressure at which a vessel with tone will close, could be determined by measuring the driving pressure at zero flow (Burton, 1951; Nichol et al., 1951) . This assumed a constant extraluminal stress. In the lung, however, this approach may be inadequate, as extraluminal stresses are not constant. Local interstitial pressures have been shown to differ along the vascular tree and to change with lung inflation (Holwell et al., 1961; Permutt et al., 1961; Riley, 1959) . Indeed, the response to lung inflation is used to separate the pulmonary vasculature into alveolar vessels and extra-alveolar vessels. At constant inflow pressure, alveolar vessels undergo a decrease in distending stress with lung inflation while extra-alveolar vessels undergo an increase in distending stress. The pressure surrounding alveolar vessels approximates alveolar pressure (PA) while that surrounding extraalveolar vessels more closely approximates pleural pressure (P P i). In fact, investigators have measured the interstitial pressure surrounding the larger hilar vessels and found the value to be less than P p i at func-tional residual capacity and to decrease relative to P p i with lung inflation (Goshy et al., 1979) . This finding is in agreement with the results and the theoretical description of Smith and Mitzner (1980) . If critical closure occurs at a given transmural stress, then, with lung inflation and the consequent fall in extraluminal pressure, an extra-alveolar vessel site of closure would be manifested by a decrease in inflow pressure, measured relative to lung surface pressure. If closure occurred at the alveolar vessel level, inflow pressure would have to increase under the same conditions. A priori, one would expect closure to occur in extraalveolar vessels, since they contain smooth muscle necessary for maintaining vascular tone. However, recent evidence from analysis of partial P-Q curves suggest the critical closure may occur at the alveolar vessel level (Mitzner et al., 1980) . We therefore undertook this study to characterize the entire descending limb of the P-Q relationship at five static levels of lung inflation in an isolated lobe preparation.
Methods
Six canine left lower lobes were isolated from mongrel dogs of both sexes (20-28 kg range) by cannulation of the lobar artery, vein, and bronchus in the following manner. The dogs were anesthetized with sodium pentobarbital (30 mg/kg), intubated, and ventilated with a constant volume time-cycled ventilator. A left thoracotomy through the 5th intercostal space was performed to expose the left lower lobe, with its artery, vein, and bronchus, and 3-5 cm positive end-expiratory pressure was added to the expiratory line. The animal was then heparinized (500 USP units/kg). With care to avoid the introduction of air, a cannula was introduced into the artery, ligated, and allowed to fill retrograde from the vessel. The pericardium was then opened and a cannula was introduced into the left atrial appendage and temporarily secured. The animal then was rapidly exsanguinated through the femoral artery and the first 800 ml of blood were saved for the experimental procedure. The left atrial cannula was subsequently advanced into the appropriate pulmonary vein and secured. The bronchus to the left lower lobe was cannulated and the lobe, thus isolated, was freed from surrounding structures and removed from the chest. Three circular foam pads (3 cm in diameter) with a string through each were bonded to the lateral lobe surface with cyanoacrylate adhesive. The lobe was suspended by means of the strings from a force displacement transducer and perfused with autologous blood in a system schematically illustrated in Figure 1 .
The lobe was inflated with 100% O2. Any desired alveolar pressure (PA) could be maintained by adjusting the flow rate from the O2 supply which was connected to the bronchial cannula through a Y-connector, with one arm left open to atmosphere.
Venous outflow was into a reservoir. To ensure zone II conditions of flow for the entire lobe when PA ^ 5 cm H2O, the height of the reservoir was initially adjusted to set pulmonary venous pressure (P pv ) to approximately -5 cm H 2 O. For the remainder of the experiment, P pv was allowed to vary between 0 and -10 cm H2O with flow. With PA 2: 5 cm H 2 O, alteration of P pv in the range allowed had no effect on pulmonary artery pressure (P pa ), blood flow (Q), lobe mass (M), or any other parameter, in this preparation.
By means of a roller pump, blood was pumped through a heat exchanger and filter from the venous reservoir to an arterial reservoir. The flow into the arterial reservoir exceeded flow into the lobe. To ensure a constant blood level in the arterial reservoir and a nonpulsatile flow, a side arm allowed overflow to return to the venous reservoir. Blood then drained passively from the arterial reservoir back to the lobe and P pa could be altered by adjusting the height of the arterial reservoir.
Vascular pressures were measured at the hilum through saline-filled catheters connected to the pressure transducers. Alveolar pressure was measured through an air-filled catheter inserted into the bronchial line and connected to a similar transducer. All pressures were referenced to zero at the bottom of the lobe. An electromagnetic flow probe, inserted into the arterial line and calibrated by timed collection at the end of the experiment measured blood flow. The force transducer from which the lobe was suspended monitored lobe mass. All parameters were recorded continuously on a direct-writing multichannel recorder.
To minimize atelectasis and ensure the same volume history in each experiment, the lobe was initially inflated to a P A = 25 cm H 2 O, then deflated to P A = 5.0 cm H 2 O and maintained statically at the latter pressure. P pa was adjusted to approximately 15 cm H 2 O, and the lobe was allowed to stabilize under these conditions of flow for 1 hour.
The vascular P-Q relationship was determined in the following manner at this P A and, subsequently, when PA was increased to 7, 9, 11, and 15 cm H2O. Ppa was increased to a high level by raising the height of the inflow reservoir. When P pa was maximal, decreases in inflow pressure of 1-3 cm H2O were made by lowering the height of the arterial reservoir in steps. At each decrement in Ppa, flow and lobe mass were allowed to become constant; this usually required 25-30 seconds. At very low flow, the inflow tubing was clamped and Ppa allowed to fall to determine its value at zero flow. This point was ascertained when lobe mass became constant and when flow could no longer be detected entering the venous reservoir from the outflow tubing. This required up to 5 minutes. The inflow tubing was clamped to ensure a no-flow state, as the flow probe was not sensitive enough to distinguish conditions of no flow from conditions of very low flow. The P pa and Q determined at each step were plotted for each state of lung inflation as in Figure 2 . The P pa at zero flow (P P aJ, which represents the minimal closing pressure, and the P pa intercept (P pai ), extrapolated from the rectilinear portion of the P-Q relationship, were determined for each level of inflation. P pa| has been shown previously to represent the average closing pressure for the entire vascular bed (Mitzner and Sylvester, 1981) . Linear regression was used to determine the fit of the rectilinear portion of the curve to a straight line. The equation of this line was used to determine P pai . The slope of this line has units of vascular conductance, (ml/min)/cm H2O, the reciprocal of the slope we have operationally defined as the flow resistance.
As a means of analysis which included the curvilinear segment of the P-Q relationship, all flow points were transformed to their corresponding natural logarithm and plotted as a function of P pa . If we assume a constant length of the vascular bed, and if percent change in total vascular cross sectional area is constant for each decrement in P pa , a straight line will be generated when In Q is plotted as a function of P pa . Therefore, linear regression analysis on the transformed data was performed to determine the fit of the entire P-Q relationship to an exponential function.
In the preparation used, changes in lobe mass with changes in vascular pressure have been shown to represent changes in vascular volume given that interstitial fluid accumulation is not present (Goldberg, 1980) . At each decrement, P pa was not maintained for longer than 30 seconds, so that any change in interstitial fluid would have contributed an insignificant amount to the total mass change at any step. We could therefore determine the vascular pressurevolume (P-V) relationship as well as the P-Q relationship at each state of lung inflation by plotting lobe mass (equivalent to vascular volume) as a function of Ppa as shown in Figure  3 . The slope of this line, determined by linear regression, represented vascular compliance.
A two-way analysis of variance was performed on the slope of the linear portion of the P-Q curve, the P pai and Ppa, and on the slopes of the P pa -lnQ and P-V relationships for each level of P A , and the means were compared by Tukey analysis. Significance was taken at the F < 0.05 level.
Results
A representative example of the P-Q relationship obtained at each level of lung inflation is plotted in Figure 2 . With increasing levels of lung inflation, the relationship shifts to a position of higher inflow pressure while the slope of the linear segment remains relatively constant up to alveolar pressures of 11-15 cm H2O. Note that the value of P pa at zero flow does not shift with the rest of the curve, but remains constant, regardless of the state of lung inflation. Figure 4 demonstrates the consistency of this finding. The average P pa , of all lobes was 10.1 ± 1.9 (SD) cm H2O at PA = 5 cm H2O and was not significantly different at any level of lung inflation. The highest mean value of P pa/ was 10.9 ± 2.7 cm H2O at an alveolar pressure of 15 cm H2O. The average closing pressure for the entire vascular bed, represented by the P p3i at each level of P A is shown in Figure 5 . Unlike P p8/ , the ? pBi was 16.0 ± 2.8 cm H2O at PA = 5 and increased significantly with each increase in P A to 26.5 ± 4.4 cm H 2 O at P A = 15 (P < 0.05). However, if P pa . were measured relative to PA, as shown in Figure 6 , where the level of PA was substracted from each P pai , the value was not significantly different at any inflation state and ranged from 10.4 ± 2.9 cm H 2 O at P A = 11 cm H 2 O to 11.2 ± 4.0 Figure 7 demonstrates that vascular conductance, determined in this manner, was not significantly different at alveolar pressures of 5.0, 7.0, or 9.0 cm H 2 O but decreased significantly at P A = 11 and 15 cm H 2 O. The average P-Q slope of 38.2 ± 10.2 (SD) (ml/ min)/cm H 2 O at P A = 5 cm H 2 O decreased to 25.1 ± 8.0 at PA = 15 cm H 2 O. The latter two values were not significantly different from each other.
Analysis of the transformed flow data demonstrated that the entire P-Q relationship fit a single exponential with r values >0.990 and F values significant at the P < 0.05 level. Thus, the proportional rate of change of Q at any P pa with respect to P pa , given by the slope of the P pa -lnQ relationship, was constant at any given alveolar pressure. Table 1 gives the average P pa -lnQ slope at each level of lung inflation and demonstrates a decrease in the value with each increase in inflation pressure, significant at the P < 0.05 level at P A = 9, 11 and 15 cm H 2 O compared to P A = 5 cm H 2 O.
Similarly, vascular compliance, determined by the slope of the P pa -V relationship, decreased significantly at P A = 9, 11 and 15 cm H 2 O from that at P A = 5 cm H 2 O. As shown in Figure 8 , P pa -V slope was 1.51 ± 0.62 ml/cm H 2 O at P A = 5 cm H 2 O and decreased to 0.87 ± 0.27 ml/cm H 2 O at P A = 15.0 cm H 2 O. Due to technical reasons, the P-V relationship could not be analyzed in one lobe. Therefore, the changes in vascular compliance were determined with an n of 5. 
Discussion
Critical closure in a vascular bed is demonstrated by the presence of a positive driving pressure for flow when flow is zero (Burton, 1951) . Under zone II conditions of West, this would be manifested as a positive P pa to PA gradient at zero flow. In this study, the average P pa/ was found to be approximately 10 cm H 2 O and invariant with respect to the level of PA (Fig.  3 ). If P pa/ were plotted relative to PA, the driving pressure (P pa -PA) would be a positive value at alveolar pressures of 5, 7, and 9 cm H 2 O and a negative value at alveolar pressures of 11 and 15 cm H 2 O. One might conclude from this that critical closure is present only at low states of lung inflation. One might also reason that closure occurs in extra-alveolar vessels, since there is a decrease in driving pressure at zero flow as PA increased. This argument was presented to explain the results of Lopez-Muniz et al. (1968) , who found a positive P pa to PA gradient when flow was stopped at alveolar pressures less than 5 cm H 2 O, while P pa fell to equal P A for alveolar pressures greater than 5 cm H 2 O. In the study cited, the inflow line was clamped for 1 minute. We determined that a longer period of time (up to 5 minutes) was required for P pa to stabilize at zero flow. This may explain the apparent discrepancy with respect to the P P 8 -PA gradient at P A > 5 cm H 2 O. In fact, some values of P pa at zero flow were negative relative to PA in the results presented by Lopez-Muniz et al.
However, the P pa at zero flow reflects only the lowest closing pressure in the last vessels to close, and does not account for the observed changes in the P-Q relationship with lung inflation in the present study. Examination of the P pa| , however, does provide information regarding the change in position of the curve with inflation. Investigators modeling the pulmonary circulation on a recruiting system of parallel units, with fixed conductances and a spectrum of opening pressures, have shown that the P paj is equivalent to the average closing pressure of the vascular bed determined algebraically (Mitzner and Sylvester, 1981) . A substantial error could be introduced into the determination of average closing pressure by extrapolation if there is uncertainty regarding the slope of the line. As the best-fit slope of the rectilinear segments of all P-Q curves in the present study resulted in r values >0.990, the error introduced by this approach should have been minimal. Our data suggest critical closure occurs at the alveolar vessel level, as the increase in P pa with each increase in PA resulted in a constant transmural stress at the alveolar vessel level. Indeed, we could completely account for changes in P pa . with inflation by taking into account the changes in PA. Mitzner and Sylvester have previously found that shifts in pulmonary vascular resistance with hypoxia are best explained by changes in critical closure at the alveolar vessel level.
That control of flow may occur at the alveolar vessel level has been suggested previously (Warrell et al., 1972; Wagner et al., 1973) , but the mechanism responsible has not been elucidated. Warrell and associates found that capillary filling was as patchy within as between the domains of arterioles, 0.1 mm in diameter, suggesting that critical closure of vessels this size or larger was unlikely. They concluded that capillary filling was influenced by capillary factors and not passively responsive to changes in arteriolar caliber. Wagner and Latham, utilizing a thoracic window to visualize the microcirculation in vivo, determined that shifts in blood flow from one area of the circulation to another occurred without apparent alteration in arteriolar or venous diameter. Neither group raised the possibility of a critical closing pressure occurring at the alveolar vessel level. They suggested that dislodgement of white blood cells or disruption of red blood cell aggregates impacted in the microcirculation were factors in the initiation of flow through capillary vessels.
We tested this possibility by performing the present experimental protocol on an additional lobe, perfused with plasma rather than blood, and obtained results identical to those of the blood-perfused lobes. Therefore, a pressure cost required to disimpact blood products cannot be invoked to explain the critical closing pressure observed in the present study.
Increased interstitial fluid would, however, increase perivascular tissue pressures in an additive direction to the critical closing pressure, and isolated lobes are known to leak fluid into the extravascular space (Morriss et al., 1980; Goldberg, 1980) . Thus, if substantial amounts of extravascular fluid were present, an overestimation of the pressure at closure would result. However, the average wet-to-dry weight ratio of the lobes in the present study was 5.3 ± 0.6 (SD) g, which is within the normal range for our laboratory. Thus, while it is unlikely that increased perimicrovascular pressures contributed significantly to the results obtained, we cannot be entirely certain.
We suggest that critical closure is a real phenomenon in the zone II-perfused pulmonary circulation and occurs primarily at the alveolar vessel level. Figure 5 shows that the P pai was always positive relative to PA, and the transmural gradient of alveolar vessels at this point was equivalent to approximately 11 cm H2O pressure. To account for active tension of this magnitude at the alveolar vessel level, some mechanism must exist other than vascular smooth muscle, which is absent from vessels less than 0.03 cm in diameter (Hughes, 1977) . In this regard, it is possible that contractile elements, present in the lung interstitium in myofibroblasts, Kapanci cells, may serve this function. The majority of these cells are found in the alveolar septa and have been suggested to be responsible for the parenchymal tissue contraction observed with epinephrine and hypoxia (Kapanci, 1974) . Thus, the active tone necessary to produce a critical closing pressure at the alveolar vessel level may be a function of the parenchyma surrounding the vessels, and not the vessels themselves. Support for this hypothesis is suggested in the finding that isolated arterial strips dilated in the presence of hypoxia while arterial strips with parenchymal attachments and lung parenchyma alone constricted in the same media (Lloyd, 1968) .
The implication of a critical closing pressure in the pulmonary circulation suggests that recruitment of vessels occurs as a function of inflow pressure ex-ceeding critical closing pressure, and not as a function of Ppa exceeding PA, as classically described under zone II conditions (West et al., 1964) . In zone II at any given PA, the downstream pressure determining flow for the entire bed would be more accurately represented by the average closing pressure for the circulation, rather than the PA-Using P pa . as the downstream pressure, as has been done in the present analysis, the flow resistance, i.e., the slope of the P-Q relationship, was not different as the lung inflated from PA = 5 to PA = 9 cm H2O but increased significantly at P A = 11. This suggests the effect of low levels of inflation would be to increase the P pai alone. Thus, for a given P pa , the driving pressure for flow would be less, while the incremental change in flow for a given change in P pa would remain unaltered. At higher levels of inflation, both the driving pressure for flow and the slope of the P-Q relationship would be altered.
Although the observed increase in P pa . with lung inflation could be completely accounted for by changes in PA, maintaining a constant transmural stress at the alveolar vessel level, the vessels determining the minimal closing pressure (P pa ,) must have been of a distinct population. It is possible that P pr epresents the pressure in unique channels such as arteriovenous connections that maintain a minimal closing pressure and bypass the alveolar vessel bed. Then, as the critical closing pressure of alveolar channels is exceeded with a falling inflow pressure, a redistribution of flow could conceivably occur to these alternate pathways.
Over the range of alveolar pressures studied, the minimal pressure at closure given by P pa , remained constant, while the average pressure at closure increased with lung inflation such that the curvilinear segment of the P-Q relationship assumed a greater proportion of the total curve. This suggests that the range of arterial pressures over which closure occurred, increased with lung inflation.
Since all curves fit a single exponential, the proportional rate of change of flow with respect to P pa was constant at any PA, but decreased significantly with lung inflation (Table 1 ). If this rate of change of flow with respect to P pa reflects only recruitment, then, at any given alveolar pressure, the proportional number of vessels recruited for a given change in P pa was constant. However, with increases in PA, the fraction of vessels recruited for a given change in P pa is less. Alternatively, if one assumes that lung inflation at a given P pa can alter the diameter of alveolar vessels, then recruitment of an equivalent fraction of alveolar vessels for a given change in P A can occur, but these vessels have smaller diameters. The decrease in vascular compliance observed in Figure 7 would occur with either of the above possibilities, but histological data would support the latter. A decrease in capillary width at transpulmonary pressure of 25 cm H2O as compared to 10 cm H 2 O has been reported previously (Glazier, 1961) , and a linear relationship between alveolar sheet thickness and transmural pressure (lo-cal blood pressure-alveolar pressure) has been determined (Sobin et al., 1972) . This suggests that, as alveolar pressure increases, sheet thickness would decrease. These results, coupled with those of the present study, suggest that changes in diameter of the capillary vessels or capillary sheet account for the decrease in vascular compliance observed with lung inflation, while recruitment of that bed occurs as a function of inflow pressure exceeding the critical closing pressure.
In summary, utilizing the changes that occur in local extramural pressures with lung inflation, we have shown that critical closure in the lung occurs primarily at the alveolar vessel level. By means of our analysis of the P-Q relationship, coupled with vascular compliance determinations, we propose that changes in P pa are associated with a constant rate of alveolar vessel recruitment, but as PA is increased there is a decrease in the diameter of the alveolar vessels recruited.
